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ABSTRACT. Time-series measurements of current velocity and water temperature made at a station in
southwestern Lake Ontario between October 1992 and June 1993 are combined with analyses of material
collected in a sequencing sediment trap moored at the same location. The results show that local resus-
pension of bottom material occurred several times during November and December. Analyses of total
PCBs and Mirex concentrations were used to infer the origins of the material collected in the traps.
Material collected during the fall has multiples sources; in addition to material already in suspension
and bottom material resuspended from the immediate area, some material appears to be derived from the
Niagara River delta. This is the first reported instance of bottom resuspension in the Great Lakes at
depths below wave base during the unstratified period that has been confirmed by current velocity mea-

surements.

INDEX WORDS: Resuspension, Lake Ontario, sediment transport.

Introduction

During the past 15 years several investigators
have used the results of sediment trap studies to
infer the occurrence of sediment resuspension in the
Great Lakes (Chambers and Eadie 1981, Charlton
1983, Eadie et al. 1984, Rosa 1985). This has been
done by assuming that increased sediment fluxes
measured near the bottom are due to episodes of
local bottom resuspension. Differences in the chem-
ical composition of the material collected in traps
have also been used to develop models of material
cycling in the lakes (Oliver and Charlton 1984,
Oliver et al. 1989, Baker et al. 1991, Robbins and
Eadie 1991). Most of these studies conclude that
significant vertical mixing of sediments throughout
the water column occurs during the unstratified pe-
riod. In none of these studies, however, have any
measurements of either current velocity or sus-
pended sediment concentration been used to vali-
date the interpretation of the trap data. Hawley and
Lesht (1995) showed that changes in the vertical
structure of the benthic nepheloid layer (BNL) can
produce variations in sediment flux similar to those
produced by resuspension episodes. This means
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that unless there are distinct differences between
the composition of the bottom sediment and the ma-
terial in the BNL, it may not be possible to identify
resuspension events without simultaneous measure-
ments of the current velocity and/or the suspended
sediment concentration. Although several previous
investigations have reported time-series measure-
ments of current velocity and suspended sediment
concentration in the Great Lakes (Lesht and Haw-
ley 1987; Hawley and Lesht 1992, 1995; Hawley
and Murthy 1995), to date bottom resuspension has
only been reported at depths less than wave base
(approximately 30 m). Although in two of these
studies observations were made in water depths be-
tween 65 and 100 m (Hawley and Lesht 1995,
Hawley and Murthy 1995), most of those observa-
tions were made when the water column was strati-
fied. During the isothermal period (when bottom
current speeds may be considerably greater) resus-
pension may occur at greater depths.

Rosa et al. (1983) were the first investigators in
the Great Lakes to combine current velocity obser-
vations with sediment trap data. They reported that
bottom resuspension occurred at a station in Lake
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Ontario (water depth 72 m) when the current veloc-
ity increased from 2 to 4 cm s~!. However their ob-
servations were made during the stratified period.
In this paper we report the first concurrent current
velocity and sediment trap measurements made dur-
ing the unstratified period in the Great Lakes. We
combine these data with chemical analyses of the
bottom sediment and the trap material to identify
episodes of bottom resuspension and to determine
the likely origins of the trap material.

STUDY SITE AND METHODS

Measurements were made as part of a program to
investigate the role of bottom furrows and seasonal
bottom resuspension in the transport of contami-
nated sediments in Lake Ontario. As part of this
study, instrument moorings were deployed in Lake

Ontario near Olcott, NY during 1992 (Fig. 1). This
site was chosen because it is within the area where
coastal jets are likely to form (Csanady and Scott
1974) and because it is downstream of the Niagara
River, which is a historical source of anthropogenic
pollutants. Two moorings were deployed; details
are given in Table 1. One mooring supported
EG&G vector averaging current meters at 5 and 25
meters above the bottom (mab). Calibrations before
and after the deployment show that the velocities
are accurate to 1 cm s™! with a lower threshold of
2 cm s~l. Water temperatures were also recorded by
the current meters; these are accurate to 0.1°C. The
second mooring supported sediment traps at two el-
evations: 25 mab and either 5 or 7 mab. This moor-
ing was deployed three times. During the first
(summer) deployment two sets of two non-sequenc-
ing cylindrical sediment traps (10 cm inner diame-
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FIG. 1.

Location of the moorings. Box core sites are numbers 1-6. Wind and wave

observations were made at Buoy 9 and at Burlington Pier (wind observations only).
Locations of the stations (207-210) occupied by other investigators and discussed in
the text are also shown; the water depth at these stations is 70 m.
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TABLE 1. Deployment information.
EG&G Current Sediment Trap Sediment Trap Sediment Trap
Meters Deployment 1 Deployment 2 Deployment 3
Deployed 12 Aug 92 1 August 92 18 October 92 12 April 93
Retrieved 6 July 93 18 October 92 18 December 92 29 June 93
Latitude 43° 22.61'N 43° 22.17'N 43° 22.21'N 43° 22.28'N
Longitude 78° 45.24'W 78° 46.90°'W 78° 46.90'W 78° 22.28'W
Water depth 63 m 59 m 57m 63 m
Current and Temperature measurements
Heights (mab) 5,25
Sampling continuous
period 15 min avg
Trap measurements
Height (mab) 5 7 7
Trap diameter (cm) 10 15 15
Aspect ratio 6:1 7:1 7:1
Sample intervals 68 days 10 for 6 days 9 for 6 days
1 for 1.25 days 1 for 10 days
1 for 14 days
Height (mab) 25 25 25
Trap diameter (cm) 10 10 10
Aspect ratio 6:1 6:1 6:1
Sample interval 68 days 61 days 78 days

ter, aspect ratio 7:1) were deployed at each eleva-
tion, but an Indented Rotating Sphere Carousel se-
quencing trap (Peterson et al. 1993, inner diameter
15 cm, aspect ratio 6:1) was used at the lower level
during the second (fall) and third (spring) deploy-
ments. The sequencing trap holds 12 sample bot-
tles, each of which can be programmed to collect
for a different length of time. A 6-day collection in-
terval was used for all but the last sample during
the fall deployment and all but the last two samples
during the spring. A tripod instrumented with three
transmissometers to measure the suspended sedi-
ment concentration was also deployed in August,
but it failed after 2 weeks.

Box cores of bottom sediment were collected at
the deployment site and at five other locations in
August 1992. The top 10 cm of the cores were sub-

sampled at 1 cm intervals and frozen until they were
analyzed. Prior to analysis both the trap material and
the box core subsamples were split into four parts.
One part was dried and weighed to determine the
particle mass, a second was used to determine grain
size and total organic carbon content (TOC), and the
other two were used to determine the Mirex and
total PCB content. Internal standards were added to
the samples prior to determining the concentration
of Mirex and PCBs with a high resolution capillary
gas chromatograph. Recoveries averaged 90%. Total
PCBs were computed based on 15 major congeners.
Total organic carbon was determined by dissolving
the non-organic carbon in hydrochloric acid and
then analyzing the remaining material with a CHN
analyzer. Errors in the Mirex, TOC, and PCB con-
centrations are estimated to be +20%. The duplicate
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samples collected in the non-sequencing traps show
an average variation in mass flux of 17%, so any
variation in mass flux less than 20% can be ex-
plained by sample variability. Particle size was mea-
sured by wet sieving at 60 pm, sieving the sand
fraction and measuring the fine fraction with a Coul-
ter counter. A complete description of all of the ana-
lytical procedures is given by Wang (1995).

Weather and wave observations were obtained
from a Canadian weather buoy located in the west-
ern end of the lake. (Fig. 1). In order to determine
the wave parameters at other locations (including
the deployment site) and between mid-November
and mid-March (when the buoy was not deployed),
weather observations recorded at Burlington Pier
were used as input data to the GLERL wave model
(Schwab et al. 1984), which calculates the signifi-
cant wave height and the peak energy wave period.
The good agreement between the observed and cal-
culated wave parameters at the buoy (based on 5
months of observations) gives us confidence in the
accuracy of the model results. The calculated wave
parameters and linear wave theory were then used
to calculate the bottom shear stress due to wave ac-
tion. The bottom shear stress due to current activity
was calculated from the 5 mab current data assum-
ing a logarithmic velocity profile and a bottom
roughness length of 0.02 cm.

Vertical profiles of water transparency and tem-
perature were made at the beginning and end of
each deployment with a Seabird CTD unit equipped
with a 25 cm Sea Tech transmissometer. We at-
tempted to develop a calibration equation relating
the concentration of total suspended material to the
beam attenuation measured by the transmissometer,
but since the r? value of the regression is only 0.73
(we only had 14 observations) we have reported the
beam attenuation coefficient instead. The attenua-
tion coefficient is reported in units of m~! and can
be used as a qualitative measure of the concentra-
tion of suspended material, which we estimate to
range between 0.5 and 10 mg L1,

RESULTS

In this paper we concentrate on the samples col-
lected during the second and third deployments
since the time resolution in the bottom trap is much
better. We discuss the spring trap samples first since
they show relatively little variation with either time
or elevation above the bottom, and are therefore
somewhat easier to interpret.

SPRING DEPLOYMENT

A vertical profile made on the deployment date
(Fig. 2A) shows that the water was isothermal, and
that only a thin BNL was present. By the end of the
deployment the thermocline was well established,
and the BNL was much thicker (Fig. 2B). A third
profile taken 7 days after the traps were retrieved
(Fig. 2C) gives an indication of the short-term vari-
ability that exists in the water column. The thermo-
cline rose about 10 m, and the BNL increased in
both thickness and concentration. Similar variations
in the structure of the nepheloid layer have been ob-
served in both Lake Michigan (Hawley and Lesht
1995) and in Lake Ontario (Hawley and Murthy
1995). The changes shown in Figures 2B and 2C
are similar to those observed by Hawley and
Murthy during an upwelling event.

The water temperatures, current velocities, and
mass fluxes measured during the deployment are
shown in Figure 3. The gradual increase in temper-
ature is due to the warming of the lake during this
period. It is hard to determine exactly when thermal
stratification became established, but it seems to
have been on about 5 June, since the temperatures
at the two levels become less similar after this date.
It is clear that stratification was established by 17
June. Thus all but the last one or two trap samples
were collected during the unstratified period. Cur-
rent velocities at the two levels are very similar,
with maximum speeds of about 20 cm s~!. This is
sufficient to produce a bottom shear stress of about
0.6 dynes cm~2. The maximum computed wave
stress was only 0.02 dynes cm™2, so surface wave
effects were unimportant during this deployment.
The current velocities show that the predominant
transport direction is alongshore to the east with an
onshore component, but there are several periods
during which the flow is westward and/or offshore.

The sediment mass fluxes are fairly low and
show relatively little variation either between the
two elevations, or between the different samples
collected in the bottom trap. This indicates that the
material in suspension was mixed fairly uniformly
through the water column throughout the deploy-
ment. The largest fluxes occurred between 18 and
30 April; the same time the bottom current speeds
were also greatest. If the increased flux is due to
local resuspension, then the current speeds can be
used to calculate an estimate of the critical shear
stress (between 0.3 and 0.6 dynes cm~2, Fig. 4)
needed to resuspend bottom material at the site. An-
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FIG. 2. Vertical profiles of beam attenuation (solid line) and temperature
(dotted line) during the spring and summer of 1993. The traps were
deployed on 12 April and retrieved on 29 June. A. Profile made on 12 April
1993. B. Profile made on 29 June 1993. C. Profile made on 6 July 1993.

other possibility is that the additional material came
from vertical mixing of material already in suspen-
sion. If the structure of the BNL changes in a man-
ner similar to that seen in Figures 2A and 2B, then
there would also be an increased flux in the bottom
trap. Lateral advection could also supply the addi-
tional material, but without additional information
it is impossible to determine which of these
processes actually occurred. Since the average
fluxes measured at the two elevations are very simi-
lar, whatever process is responsible for the in-
creased flux in the bottom trap probably was not
limited to the bottom 7 m. The decrease in mass
flux after 5 June may be because of a decrease in
the flux of material from the upper water column
due to the water density gradient at the thermocline.

The concentrations of the PCBs and Mirex in the
trap material also show little variation (Table 2 and

Fig. 4). The average concentration of both total
PCBs and Mirex in the lower trap are about the same
as those measured in the upper trap, and there is rela-
tively little variation in the concentrations with time.
This also indicates that the suspended sediment was
well-mixed throughout the lower water column.
There is a slight decrease in the PCB concentration
during the period of maximum flux, but an analysis
of variance shows that the difference is not statisti-
cally significant (at the 95% confidence level). The
TOC concentration increases in the bottom trap
throughout the deployment, which probably reflects
increasing biological productivity in the upper water
column during this period. TOC contents for sus-
pended matter in surface waters are typically
10-20% (Charlton 1983), so the increase in TOC is
consistent with increased production of this material
with time. The higher TOC content in the upper trap
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FIG. 3. Time-series measurements made during the spring 1993
deployment. A. Current velocity measured 25 mab. B. Current speed
(solid line), water temperature (interrupted line), and mass Sflux
(dashed line) measured 25 mab. C. Current velocity measured 5 mab.
D. Current speed (solid line), water temperature (interrupted line), and
mass flux (dashed line) measured 5 mab.

is consistent with this interpretation. Thus it seems
that most of the trap material is probably derived
from material already suspended in the lower part of
the water column, with an increasing percentage of
this material settling from the near-surface waters (at
least until the thermocline is established).

FALL DEPLOYMENT

Profiles made at the beginning and end of the fall
deployment are shown in Figure 5. Although the
lake was still stratified at the beginning of the de-
ployment, the fall breakdown of the thermocline
was well advanced (Figs. SA and 5B—the traps
were deployed on 18 October). At the end of the
deployment (Fig. 5C) the water was isothermal but
a BNL was still present.

Sediment fluxes and time-series measurements of
the water temperature and current velocity are
shown in Figure 6. The temperature records show
that the fall overturn was completed by about 2 No-
vember, which means that all of the bottom trap
samples except for the first two or three were col-
lected entirely during isothermal conditions. The
generally falling temperatures after 30 October re-
flect the cooling of the lake during the early part of
the winter. Currents at the two elevations are very
similar and, as during the spring, show a predomi-
nant eastward and onshore transport. However, the
current speeds are considerably greater than during
the spring (note the difference in the scale), and
reach 30 cm s~! at 5 mab on several occasions. This
is equivalent to a bottom shear stress of well over 1
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FIG. 4. Mass flux and contaminant concentrations from the trap sam-
ples collected during the spring 1993 deployment. A. Total organic car-
bon measured 7 mab(solid line) and 25 mab (interrupted line). B. Mirex
concentrations measured 7 mab (solid line) and 25 mab (interrupted
line). C. Total PCB concentrations measured 7 mab (solid line) and 25
mab (interrupted line). D. Current shear stress (solid line) and mass flux
measured at 7 mab (interrupted line) and 25 mab (dashed line).

dyne cm~2 (Fig. 7). As was true during the spring,
the effects of surface waves were negligible.

The sediment fluxes measured in the bottom trap
vary widely during the deployment. The lowest
fluxes are approximately equal to that measured 25
mab (and are about three times those measured dur-
ing the spring) while the highest fluxes are almost
an order of magnitude greater (again, note the differ-
ence in scale between Figs. 4 and 7). There are two
distinct episodes of high mass fluxes. The first lasts
from 5-17 November, includes the fourth and fifth
sample intervals, and occurs at the same time as the
maximum current speeds, while the second begins
of 5 December and continues through the end of the
deployment. There is, however, no consistent rela-

tionship between mass flux and shear stress. The
sediment fluxes during the second high-flux episode
are considerably higher than those during the first
episode even though the peak current speeds are
somewhat less, and the mass flux from 23-29 No-
vember is low even though the shear stress is fairly
high. Even if a critical threshhold shear stress (a
value below which no resuspension occurs) is sub-
tracted from the calculated values (we tried a num-
ber of values between O and 1 dyne cm™2) there is
still no consistent correlation between the mass flux
and either the average excess stress (calculated
stress minus the threshold value) or the total excess
stress. This suggests that processes other than local
resuspension are at least partially responsible for the
observed changes in mass flux.
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TABLE 2. Chemical concentrations in trap material.

Trap Collection Mass Flux Total PCB Mirex TOC
Height Period (g/m?/day) (ng/g) (ng/g) (%)
Summer 1992

25 mab 12 Aug-18 Oct 6.01 343.70 2.35 5.78
5 mab 12 Aug-18 Oct 24.79 317.20 2.78 4.12
Fall 1992

25 mab 18 Oct-18 Dec 8.63 172.00 5.93 3.66
7 mab 18-24 Oct 8.55 316.30 2.17 4.11
7 mab 24-30 Oct 6.32 308.10 2.30 4.10
7 mab 30 Oct-5 Nov 10.97 372.50 37.47 4.04
7 mab 5-11 Nov 34.97 173.20 1.86 3.57
7 mab 11-17 Nov 51.05 171.00 5.98 3.54
7 mab 17-23 Nov 9.68 282.60 3.17 3.93
7 mab 23-29 Nov 18.64 247.60 8.03 3.53
7 mab 29 Nov-5 Dec 30.64 230.10 36.79 3.57
7 mab 5-11 Dec 73.28 174.50 2.45 3.28
7 mab 11-17 Dec 76.85 173.00 2.92 3.14
7 mab 17-18 Dec 80.17 247.30 3.98 3.32
7 mab* 18 Oct—18 Dec 32.90 244.65 10.22 3.67
Spring 1993

25 mab 12 Apr-29 June 2.86 326.50 3.05 7.90
7 mab 12-18 April 4.88 382.90 3.72 3.86
7 mab 18-24 April 8.95 259.00 2.70 3.85
7 mab 24-30 April 6.00 255.50 3.13 3.74
7 mab 30 Apr—6 May 3.38 332.60 1.73 5.16
7 mab 6—12 May 3.65 330.30 2.56 4.76
7 mab 12-18 May 2.88 455.60 2.93 5.82
7 mab 18-24 May 3.06 377.60 4.30 5.58
7 mab 24-30 May 3.74 328.60 3.46 5.34
7 mab 30 May-5 June 291 341.08 5.07 5.76
7 mab 5-15 June 1.52 385.70 5.88 6.35
7 mab 15-29 June 1.17 441.70 5.54 7.72
7 mab* 12 April-29 June 3.44 369.07 4.08 5.65

* indicates average values for the collection period

The contaminant concentrations (Fig. 7) also
vary more widely than during the spring. The total
PCB concentrations show the same inverse correla-
tion with mass flux seen in the spring deployment,
but this time the concentration in the bottom trap is
always equal to or greater than that measured 25
mab. The range of concentrations measured is also
slightly lower than that measured during the spring.
This suggests that in addition to the material al-
ready in suspension, an additional source of mater-
ial depleted in PCBs is responsible for the extra
material collected during the high flux episodes,

and that the bulk of the material in the upper trap
was collected during these intervals.

Peak Mirex concentrations occur during sample
intervals three and eight, and do not correlate with
either the mass flux or total PCB concentration. In
fact the mass fluxes during both of these intervals
are relatively low. Nor do the Mirex concentrations
show a consistent correlation with the current shear
stress; interval three includes the highest stress cal-
culated during the deployment, but the stress during
interval eight is much less. It appears that the high
Mirex concentrations are not due to local resuspen-
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FIG. 5. Vertical profiles of beam attenuation (solid line) and temperature
(dotted line) from the fall of 1992. The traps were deployed on 18 October
and retrieved 18 December. A. Profile made on 13 October, 1992. B. Profile
made on 16 October, 1992. C. Profile made on 18 December, 1992.

sion, and that another source of material is needed
to explain the observations.

TOC concentrations show relatively little varia-
tion during the deployment. The average content at
the two elevations is about the same, and there is
little variation in the samples collected in the bot-
tom trap. The concentrations are also less than
those collected during the spring. This may be due
to a decrease in biological productivity at this time
of the year, or it may reflect the increased impor-
tance of material derived from other sources.

BOTTOM SEDIMENTS

Data from the top ! cm of the box cores are
shown in Table 3. TOC concentrations are lower
than those measured in the traps, so if bottom mate-
rial is resuspended, it could explain the lower TOC
concentrations observed during the fall. Total PCB

concentrations vary somewhat, but are generally
greater than or equal to the concentrations mea-
sured in the traps. The Mirex concentrations are
similar to those found in most of the trap samples,
but are considerably less than the highest concen-
trations observed during the fall deployment. A
more complete discussion of the box core data is
given by Wang (1995), who concluded that box
core 5 (the one taken at the deployment site) is in a
non-depositional zone. The study site is probably
located on the flank of the Whitby-Olcott Sill,
which Thomas (1972) and Thomas et al. (1972)
identified as a non-depositional area.

DISCUSSION

If the fall trap samples are divided into two
groups based on their mass flux, an analysis of vari-
ance shows that the two groups have statistically
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FIG. 6. Time-series measurements made during the fall 1992 deploy-
ment. A. Current velocity measured 25 mab. B. Current speed (solid
line), water temperature (interrupted line), and mass flux (dashed line)
measured 25 mab. C. Current velocity measured 5 mab. D. Current
speed (solid line), water temperature (interrupted line), and mass flux

(dashed line) measured 5 mab.

different (at the 95% confidence level) total PCB
concentrations. The distinction between the low and
high Mirex concentrations in the fall samples is
also statistically significant. Thus it appears that at
least three distinct sediment sources are needed to
explain the fall trap results: a background material
that is collected during quiescient periods, a second
sediment high in Mirex (at least 35 ng g!), and a
third sediment with a relatively low PCB concentra-
tion (about 150-200 ng g~!) that is collected during
the high flux episodes. In the discussion below we
attempt to identify the sources of these sediments.

We believe that the material collected in the traps
during the spring and during the low-flux intervals
during the fall is primarily background material that
was already suspended in the BNL. This material is

most likely composed of particles that were previ-
ously introduced into the water column at various
times and places and have been maintained in the
water column by turbulent diffusion. The chemistry
of this material is characterized by PCB concentra-
tions of about 300400 ng g~! and Mirex concentra-
tions of about 3-5 ng g~!. Although it is difficult to
compare our results with those from other investi-
gations (due to differences in analytical techniques
and changes in contaminant concentrations with
time), our total PCB abundances are consistent with
previous observations. At a site about 10 km west
of ours (station 210, Fig. 1), Mudroch and Mudroch
(1992) measured a total PCB concentration of 384
ng g~! on the sediment suspended in the BNL. They
also found that the material in the BNL was rela-
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FIG.7. Mass flux, total organic carbon, and contaminant concentra-
tions from the trap samples collected during the fall 1992 deployment.
A. Total organic carbon measured 7 mab (solid line) and 25 mab
(interrupted line). B. Mirex concentrations measured 7 mab (solid
line) and 25 mab (interrupted line). C. Total PCB concentrations mea-
sured 7 mab (solid line) and 25 mab (interrupted line). D. Current
shear stress (solid line) and mass flux measured at 7 mab (interrupted

line) and 25 mab (dashed line).

tively depleted in the lighter and more soluble
PCBs relative to the congener distribution in the
surface sediments; an observation that also applies
to our trap samples (Brownawell et al. 1994). In a
sediment trap study around the Niagara River delta
(stations 207, 208, 209, and 210) Oliver et al.
(1989) reported total PCB concentrations between
1,300 and 80 ng g~!. Most of the Mirex concentra-
tions in our trap material are also similar to those
reported by previous workers from sediment traps
at station 210 (5.9 ng g~!, Oliver and Charlton
1984).

Vertical remixing of material already in suspen-
sion probably accounts for the heightened mass flux

seen during the early part of the spring deployment
since the contaminant concentrations are essentially
constant. However, since this material would have
the same composition as that collected during ambi-
ent conditions, we do not believe that remixing ma-
terial already suspended in the BNL is the source of
the additional material collected during the high
flux episodes during the fall, or of the material with
the high Mirex concentrations. There are several
possible sources for the additional material: mater-
ial introduced into the lake by the Niagara River
and transported directly to the site, bottom material
from the Niagara delta that has been resuspended
and advected to the site, bottom material from else-
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TABLE 3. Chemical concentrations in box core material.
Water Depth PCB Mirex TOC
Depth Interval Conc. Conc. Conc.
Site # Lattitude Longitude (m) (cm) (nggh (ngghH) (%)
1 43°22.52'N 78°45.83’W 67 0-1 379.53 7.53 2.85
2 43°21.60’N 78°46.31'W 36 0-1 479.61 1.21 1.71
3 43°23.60'N 78°46.96’'W 95 0-1 351.60 9.76 4.31
4 43°23.60'N 78°34.88'W 64 0-1 327.20 3.51 0.81
5 43°22.30'N 78°45.47'W 55 0-1 613.20 2.52 1.36
6 43°20.44'N 78°55.06'W 58 0-1 333.67 3.73 2.59

where in the lake that has been resuspended and
transported to the site, and local bottom sediment
resuspended into the water column.

Both the water discharge of the Niagara River (as
measured at Buffalo by the U.S. Army Corps of En-
gineers) and the sediment concentration of that
water (as measured at Niagara by the Niagara Falls
Water District) show a large increase on 13-15 No-
vember. Winds during and after this period are from
the southwest, which confines the plume to a nar-
row band along the shore to the east of the river
mouth (Masse and Murthy 1990). If we assume that
the current velocities measured at the site are repre-
sentative of those between the river mouth and the
trap site, then a progressive vector plot of the cur-
rents shows that the turbid water from the plume
should reach the site prior to the end of the sam-
pling period that ends on 17 November. This trap
sample has a high mass flux, so turbid river water is
a possible source for some of the material. Oliver
and Charlton (1984) concluded that the plume in-
fluence could be seen at station 210, but since we
have no measurements of either the total PCB or
the Mirex concentration on particles suspended in
the river, we cannot confirm their findings at our
site. Kauss (1983) analyzed suspended material
from the lower Niagara River and reported a PCB
concentration of 136 ng g~! and a Mirex concentra-
tion of 55 ng g~!. These values are somewhat dif-
ferent from those collected in the bottom trap
between 11 and 17 November, but there is no rea-
son to assume that the concentrations have re-
mained constant over 12 years. However, if
river-derived particles are an important constituent
of the material collected between 11 and 17 No-
vember, then another source of material with the
same chemical characteristics is needed to explain

the observations made both between 5 and 11 No-
vember and after 5 December. Particles in the river
are derived mainly from Lake Erie, and their conta-
minant loads are somewhat different from that on
particles found in Lake Ontario (Mudroch and
Williams 1989), so it seems unlikely to us that there
would be another source of material with the same
composition. Although it is possible that river- de-
rived particles transported directly to the site are an
important source of trap material, we believe that
other sources are more likely candidates.

Sediment resuspended at the Niagara delta and
then advected to the site may be the source of the
material with high Mirex concentrations. Although
our box core data show no Mirex concentrations
high enough to produce the abundances observed in
the trap samples collected from 30 October-5 No-
vember and from 29 November-5 December,
Oliver et al. (1989) found that surficial (0-3 cm)
delta sediments at stations 207, 208, and 209 con-
tained high concentrations of Mirex (36-65 ng g~').
Calculated wave shear stresses at the delta have
high values on 2 and 22 November (over 1 dyne
cm~2) so bottom sediment may have been resus-
pended by wave action on these days. A progres-
sive vector plot shows that material resuspended on
2 November would reach the trap site prior to 5 No-
vember, but a similar calculation for material resus-
pended on 22 November indicates that it should
reach the trap site before 29 November—one sam-
ple period prior to that when the high Mirex con-
centration is observed. Examination of the wind
records shows however that instead of being mainly
from the west, as they are between 2 and 5 Novem-
ber, the winds are from the east between 23 and 27
November. Winds from this direction push water in
the delta area offshore and to the west (Masse and
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Murthy 1990). Since Simons et al. (1985) showed
that drogues released in the river mouth could es-
cape from the eastward-flowing coastal jet for sev-
eral days prior to being recaptured, it is possible
that material resuspended at the delta might not ar-
rive at the trap site until after 29 November. If ma-
terial in the delta still has a high Mirex
concentration, then the resuspension and transport
of this material could explain the high Mirex con-
centrations observed during these two sample peri-
ods. Surficial PCB concentrations in the delta
(Oliver et al. 1989, stations 207, 208, and 209) are
slightly higher (between 380 and 530 ng g!) than
those found in the traps during these two intervals,
but those samples were collected in 1981. Unfortu-
nately more recent concentration measurements of
delta sediments are not available.

Since the bottom shear stresses during the fall are
frequently rather high, local resuspension of bottom
sediment is an obvious possible source of material
during the high flux episodes. Although measure-
ments of the shear strength of the local sediments
are not available, Maclntyre et al. (1990) reported
that a stress of about 1 dyne cm2 was sufficient to
erode bottom material from the Great Lakes. Our
calculations show that this value was exceeded sev-
eral times during the fall deployment. If local resus-
pension did occur, then we would expect the PCB
concentrations in the trap material to be similar to
those measured in the bottom sediments. However,
our analyses of the bottom sediments both at the
site and at surrounding locations show that the total
PCB concentrations are somewhat higher than those
in the trap material. If local resuspension is the
source of the additional sediment, then there must
be some mechanism that lowers the PCB concentra-
tion in the trap material. There are several possibili-
ties: (1) the PCBs could be desorbed after the
material is collected in the traps, (2) the material
could be desorbed into the water column prior to
collection, (3) there could be a grain size effect
(large high-density particles with low PCB concen-
trations could be a higher percentage of the material
collected during the high flux episodes), or (4) there
could be a thin, easily-eroded, surface layer low in
PCBs that we did not collect.

Several of these possibilities can be ruled out.
Desorbtion after the trap material was collected
seems unlikely since it should have occurred in all
of the samples. Desorbtion into the water column
also seems unlikely since Mudroch and Mudroch
(1992) showed that the PCB concentration on parti-

cles in the benthic nepheloid layer was approxi-
mately 400 ng g~'—considerably higher than the
concentrations we observed during the high-flux
episodes. It also seems unlikely that a surface layer
was removed during the sampling since a box corer
was used to collect the samples, and we were care-
ful not to disturb the sediment-water interface when
we sectioned the cores.

The most likely explanation is a grain-size effect.
Particle size measurements show that although the
amount of sand-sized material remained constant
during all of the collection intervals, the fraction of
material between 16 and 64 um in diameter in-
creased about 10-20% during the high flux episodes
while the amount of clay-sized material decreased
by a similar percentage. If the concentration of
PCBs is greater on the clay-sized material than on
the larger particles, this would explain the lower
PCB concentrations during the high-flux periods.
Although Mudroch and Mudroch (1992) found that
the total PCB concentration on surface sediments at
station 210 was slightly higher for particles be-
tween 64 and 13 pum than for finer material, their
measurements were made on surficial (0-3 cm) sed-
iment with a total PCB concentration of only 95 ng
g~!. The PCB concentration at our station is consid-
erably higher, and the distribution could also be dif-
ferent. Given the high bottom stresses observed
between 4 and 17 November, and 5 to 11 Decem-
ber, it seems likely that local resuspension occurred
and that this material is the main source of the high
fluxes observed during these periods. Although the
low mass flux between 23 and 29 November is
somewhat anomalous, it is not unique; similar
“flow-events” have been observed in both Lake
Michigan (Hawley and Lesht 1995) and in the deep
sea (Gross and Williams 1991).

Another possible source of trap material is sedi-
ment from nearer shore that is resuspended by ei-
ther wave or current action and then transported to
the site. We have no current data from any inshore
stations, but the calculated wave shear stress off Ol-
cott, NY from nearer shore shows peaks on 2, 20,
and 22 November, and on 10 and 11 December.
Progressive vector diagrams show, however, that
offshore transport only occurred between 11 and 15
December. Material resuspended nearer shore and
then transported offshore could explain why the
mass fluxes after 11 December are higher than
those observed earlier—even though the shear
stresses at the trap site are less.
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CONCLUSIONS

Without time-series measurements of the sus-
pended sediment concentration we cannot be cer-
tain, but we believe that there were at least two
instances of local sediment resuspension during the
fall deployment. Previous investigators have in-
ferred bottom resuspension from trap measurements
alone, but these are the first reported instances of
bottom resuspension below wave base in the Great
Lakes during the unstratified period that have been
supported by current velocity measurements. Bot-
tom resuspension occurred in response to the in-
creased near-bottom current velocities during these
periods which were, in turn, generated by the pas-
sage of storms across the lake. Wind observations
made at Burlington Pier show that wind speeds over
50 km hour~! were recorded several times during
the fall deployment period. Speeds of this magni-
tude are not uncommon; the peak speed recorded
during the winter (approximately 60 km hour!) oc-
curred in March, and there were several other
storms that were at least as intense as those during
the fall deployment. An analysis of 30 years of
wind records (Transport Canada 1991) shows that
the most severe storm during the winter of 1992-
1993 (the one in March) is in no way exceptional—
it was a typical “storm of the year.” Thus it seems
likely that bottom resuspension occurs fairly com-
monly during the unstratified period at this site.

The trap material collected during the fall is
probably a combination of material from several
different sources: material already suspended in the
water column, material derived from the Niagara
delta, local bottom material that was resuspended,
and material from further inshore that was resus-
pended and then transported to the trap site. During
the spring, when the flow conditions were less ener-
getic, material already suspended in the BNL was
probably the primary source of trap material. Un-
fortunately, we cannot confirm our conclusions
since there are no data on the contaminant concen-
trations in the possible source regions during our
study period. If we were to repeat this study, we
would make sure that these measurements were
made,
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